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Attorney Docket SPOO-226 



MEMS MIRROR AND METHOD OF FABRICATTON 

This application claims the benefit of U.S. Provisional Patent Application 
Number 60/221,940, filed, July 31, 2000. 

Background Of The Invention 

1. Field of the Invention 

[0001 ] The present invention relates generally to micro-mirrors of the type 
typically known as micro-electro-mechanical systems (MEMS) mirrors, and 
particularly to MEMS mirrors useful for controllably directing optical beams within an 
optical switch. 

2. Technical Background 

[0002] An emerging optical switching technology employs MEMS mirrors, 
moveable in at least two degrees of freedom, to steer optical beams within an optical 
switch. Within the switch, an incoming signal formed into an optical beam propagates 
to a first moveable mirror. By controllably positioning the first moveable mirror, the 
beam is directed to a selected second moveable mirror. The second moveable mirror is 
also controllably positioned, so as to receive the beam from the first mirror and reflect 
it to an optical beam receiver. The receiver may take various forms, such as, for 
example, a photodetector, or coupling optics for coupling the beam into a waveguide, 
or any other light-responsive or light-conducting devices useful for receiving an optical 
signal beam. Such an optical switch may also be bi-directional, in that the receiver may 
operate both as a receiver and as a source of an optical beam from an incoming signal. 
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such as in the case of a receiver in the form of a waveguide plus coupling optics. A 
large-scale, low-loss optical cross connect may be formed by providing a plurality of 
such moveable mirrors, each with an optical view of some or all of the others. 

[0003] MEMS devices are fabricated using materials and processes similar to 
those employed in integrated circuit fabrication. Such techniques allow simultaneous 
fabrication of many small mechanical or electro-mechanical devices on (or in) a single 
substrate. This simultaneous fabrication capability provides cost advantages for 
producing mirrors for use in an optical switch of the type described above. 

[0004] The MEMS mirrors typically suggested for use in such optical switches 
each include some type of gimbal arrangement and two pairs of hinges. Each pair of 
hinges provides one degree of freedom of motion, so that both pairs together can 
provide the desired degree of freedom of motion for a mirror. While mirrors with 
gimbal arrangements of this type have been fabricated, the fabrication process is 
sometimes difficult, and the gimbal structure itself is complex and occupies a 
significant area on the MEMS substrate. 

Summary of the Invention 

[0005] One aspect of the present invention is a moveable micromirror including a 
supporting structure, a flexible post extending from the supporting structure, and a table 
extending radially from the end of the post along a plane generally perpendicular to the 
post, the table having a reflective surface facing away from the supporting structure. 
The post, desirably formed of single-crystal silicon, is dimensioned to be sufficienfly 
flexible to allow the reflective surface to be selectively moveable and positionable, with 
at least two degrees of freedom, when urged by a suitable actuating force. 

[0006] Li another aspect, the present invention includes a method of making an 
array of moveable micromirrors by deep etching a silicon substrate so as to form posts 
surrounded by trenches, etching back the surface of the substrate around the posts so as 
to allow the posts to protrude beyond the surface of the substrate, and affixing a table 
with a reflective surface thereon to the tops of a plurality of the posts. 
Additional features and advantages of the invention will be set forth in the detailed 
description which follows, and in part will be readily apparent to those skilled in the art 
from that description or recognized by practicing the invention as described herein. 
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including the detailed description which follows, the claims, as well as the appended 
drawings. 

[0007] It is to be understood that both the foregoing general description and the 
following detailed description are merely exemplary of the invention, and are intended 
to provide an overview or framework for understanding the nature and character of the 
invention as it is claimed. The accompanying drawings are included to provide a 
further understanding of the invention, and are incorporated in and constitute a part of 
this specification. The drawings illustrate various embodiments of the invention, and 
together with the description serve to explain the principles and operation of the 
invention. 

Brief Description of the Drawings 

[0008] Figure 1 is a cross-sectional view of an embodiment of one embodiment of 
a mirror according to the present invention; 

[0009] Figure 2 is a cross-sectional view of a substrate having multiple mirrors 
positioned thereon; 

[001 0] Figure 3 is a cross-sectional view of one variation of the embodiment of 
Figure 1; 

[001 1 ] Figure 4 is a plan view showing an example of the relative positioning of 
the reflective surface 30 and the conducting areas 40; 

[0012] Figure 5 is a plan view showing another example of the relative positioning 
of the reflective surface 30 and the conducting areas 40; 

[0013] Figure 6 is a cross-sectional view of the embodiment of Figure 1 showing 
two additional variations of that embodiment; 

[001 4] Figure 7 is a plan view showing an example of the positions of reflective 
surfaces 30 on a substrate or supporting surface 22; 

[001 5] Figure 8 is a plan view showing another example of the positions of 
reflective surfaces 30 on a substrate or supporting surface 22; 

[001 6] Figure 9 is a plan view showing yet another example of the positions of 
reflective surfaces 30 on a substrate or supporting surface 22; 
Figure 10 is a plan view showing still another example of the positions of reflective 
surfaces 30 on a substrate or supporting surface 22; 
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[001 7] Figure 1 1 is a cross-sectional view of a portion of a substrate or supporting 
material 22 from which an example embodiment of a mirror of the present invention 
may in part be formed; 

[001 8] Figure 12 is a cross-sectional view of the material of Figure 1 1 after deep 
etching and oxidation; 

[0019] Figure 13 is a cross-sectional view of the material of Figure 12 after 
masking and oxide removal; 

[0020] Figure 14 is a cross-sectional view of the material of Figure 13 after an 
etch of the substrate or supporting material 22; 

[0021] Figure 15 is a cross-sectional view of the material of Figure 14 after 
deposition of conducting pads 40; 

[0022] Figure 16 is a cross-sectional view of the material of Figure 15 after spin- 
on of photoresist 52; 

[0023] Figure 17 is a cross-sectional view of the material of Figure 16 after 
removal of the oxide 50 and thinning of the photoresist 52; 

[0024] Figure 18 is a cross-sectional view of a thin material such as a 200-micron 
silicon wafer after formation of a slot 56 therein; 

[0025] Figure 19 is a cross-sectional view of the material of Figure 18 after 
deposition of a layer 58 of a eutectic bonding agent or an adhesive in the slot 56; 

[0026] Figure 20 is a cross-sectional view of the material of Figure 17 showing a 
layer 60 of a eutectic bonding agent or an adhesive on top of the post 26; 

[0027] Figure 21 is a cross-sectional view of the material of Figure 17 or Figure 
20 with the thin material of Figure 18 aligned thereto and positioned thereon such that 
the top of the post 26 is positioned and fixed within the slot 56. 

[0028] Figure 22 is a cross-sectional view of the material of Figure 21 after 
etching through of the thin material 54; 

[0029] Figure 23 is a cross-sectional view of the material of Figure 22 after 
removal of the photoresist 52 and after wirebonding. 

[0030] Figure 24 is a cross-sectional view of another embodiment of the mirror of 
the present invention. 

[0031 ] Figure 25 is a cross-sectional view of yet another embodiment of the 
mirror of the present invention. 
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[0032] Figure 26 is a diagram showing reference dimensions and a reference force 
vector useful for analysis of the forces on the mirror of the present invention. 

Detailed Description of the Invention 
[0033] Reference will now be made in detail to the present preferred 
embodiments of the invention, examples of which are illustrated in the 
accompanying drawings. Wherever possible, the same reference numbers will be 
used throughout the drawings to refer to the same or like parts. 

[0034] An example embodiment of a mirror according to the present invention 
is shown in Figure 1, and is designated by reference numeral 10. The mirror 10 
includes a platform or table 28 with a reflective surface 30 thereon. The table 28 is 
supported, on the side of the table 28 opposite the reflective surface 30, by a pillar 
or post 26, desirable centrally positioned relative to the area of the table 28. The 
post 26 extends within a moat or trench 24 formed in a surrounding supporting 
material or substrate 22. This allows the surface of the substrate 22 (at positions 34 
and 38) to be positioned closer to the adjacent surface (at positions 32 and 36) of 
the table 28 than the length of the post 26. Thus the post can be made sufficiently 
long and sufficiently flexible to act as a unidirectional hinge, bending to allow the 
table 28 to be positioned with two degrees of freedom, while the adjacent surfaces 
32, 34 and 36, 38 can be close enough to allow for electrostatic or other control of 
the position of the table 28, as will be shown below. 

[0035] Although the structure is represented in Figure 1 as unitary, it will be 
appreciated by those of ordinary skill in the art of MEMS and other micro- 
fabrication technologies, that the structure of Figure 1 need not be unitary. Surfaces 
34 and 36 may reside on built-up structures, for instance, and table 28 and post 26, 
for ease of fabrication, need not be of the same unitary structure with supporting 
material or substrate 22. Because of silicon's advantageous mechanical properties 
and because of the established micro-fabrication technologies in silicon, it is 
desirable to use single crystal silicon (doped or not) to form the structures of the 
mirror, but other appropriate materials may be substituted. 

[0036] As mentioned above, the mirror design of the present invention allows 
for a long, more flexible hinge in the form of the post 26, while allowing for close 
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positioning of adjacent surfaces 32, 34 and 36, 38 to facilitate positioning of the mirror. 
Another advantage inherent in the design of the present invention is that the hinge in 
the form of the post does not reside in the plane of the table 28 or reflective surface 30. 
This allows for dense packing of the mirrors on a given supporting material or substrate 
22, as shown in Figure 2. 

[0037] Electrostatic actuation is a presently preferred method of controlling the 
position of the mirror of the present invention. The post 26 and the table 28, as well as 
the substrate 22, may be formed of a conductive material. Conductive areas or 
conductive pads 40 may be positioned on insulating layers 42, as shown in Figure 3. 
The pads 40 form parallel capacitor plates with the respective surfaces 32 and 36 of the 
table 28. By biasing one of the conductive pads 40, an opposite charge is induced on 
the adjacent surface of the table 28, causing the surface to be electrostatically attracted 
to the pad. The post 26 resists this attraction, allowing the mirror to be controUably 
positioned within a certain range. 

[0038] Multiple conductive pads 40 are positioned beneath the table 28. Figure 4 
shows a plan view of a layout of three conductive pads 40 relative to the position of the 
reflective surface 30. Figure 4 shows a plan view of a layout of four conductive pads 
40. 

[0039] In addition to electrostatic control, other control systems may be employed 
to move and position the mirror of the present invention. Figure 6 shows two 
examples. On the left of Figure 6, a control arm 48 contacts the surface 36 of the table 
28. The control arm may be actuated to push against the surface 36 by piezoelectric, 
thermal, or other suitable means known to those of ordinary skill in the art. On the 
right of Figure 6, a magnetic layer 46 is positioned on the table 28, and a coil 44 is 
formed on the adjacent surface of the substrate 22 as a means of magnetically 
controlling the position of the mirror. 

[0040] Multiple reflective surfaces 30 of mirrors of the present invention may be 
arranged on a single substrate as shown in Figure 2 described above. A two- 
dimensional array of reflective surfaces 30 may also be provided. Various 
combinations of array patterns and reflective-surface shapes are possible. One 
embodiment employs circular reflective surfaces arranged in a hexagonal pattern, as 
show in Figure 7. The reflective surfaces may also be hexagonal, if desired. 
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Depending on the particular use of the mirrors, elongated reflective surfaces may be 
desirable. For example, if the mirrors are employed to steer optical beams that arrive at 
the reflective surface at significant angle to the normal, the beam cross-section at the 
mirror is typically elongated. Elongated reflective surfaces 30, arranged as shown in 
Figure 8, are useful in this case. Square or rectangular reflective surfaces may also be 
used, as shown for example in Figures 9 and 10. 

Example Method of Fabrication 

[0041 ] The effects of an example method of fabrication of the mirror(s) of the 
present invention are represented in Figures 1 1 through 23. 

[0042] Figure 1 1 shows a cross section of a portion of a substrate 22 before 
processing. The substrate 22 is desirably single crystal silicon. 

[0043] Figure 12 shows the cross section of Figure 1 1 after a deep etch step and 
an oxidation step. A deep etch such as a deep RIE (reactive ion etch) is used to form 
the moat or trench 24, thereby also defining the post 26. An oxidation step such as a 
CVD (chemical vapor deposition) oxidation process is used to conformally cover the 
surface of the substrate and the moat or trench 24 and the post 26 with a layer of oxide 
50. 

[0044] Figure 13 shows the cross section of Figure 12 after a masking step and an 
etching step. The etching step etches the oxide 50 back to the substrate 22. The mask 
is used to shield the oxide in the area above the post 26 and the moat or trench 24. 

[0045] Figure 14 shows the cross section of Figure 13 after a step of etching of the 
substrate 22, such as by a potassium hydroxide etch of a sihcon substrate. The oxide 50 
protects the post 26. The etching of the substrate 22 leaves the post extending above 
the surface of the substrate. 

[0046] Figure 15 shows the cross section of Figure 14 after a metal deposition 
step. The metal deposition step may take the form of PVD (physical vapor deposition 
or sputtering) through a shadow mask to form conductive pads 40 on the surface of the 
substrate 22. 

[0047] Figure 16 shows the cross section of Figure 15 after a step of depositing a 
layer of resist 52, such as by a spin-on process followed by development of the resist 
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52. The developed layer of resist 52 leaves a portion of the surface of the oxide 50 
exposed. 

[0048] Figure 17 shows the cross section of Figure 16 after a step of HF 
(hydrofluoric acid) etching and resist etching or ashing. The HF etch removes the 
oxide 50. The resist etching or ashing thins the layer of resist 52 such that the top of 
the post 26 extends above the surface of the resist 52. 

[0049] Figure 18 shows a cross section of a portion of a thin material, desirably a 
200-micron silicon wafer, with a slot etched therein by an etching step. 

[0050] Figure 19 shows the cross section of Figure 18 after a step of placing a 
bonding agent 58 in the slot 56. The boding agent may be an adhesive, such as an 
epoxy, or a eutectic bonding agent such as a gold layer formed by coating and plating 
the 200 micron wafer. Alternatively or in addition, a bonding agent 60 may be placed 
on the top of the post 26 as shown in Figure 20. 

[0051] Figure 21 shows the cross section of the structure of Figure 17 or 20 after 
alignment, bonding, and reflective coating deposition steps. The 200-micron wafer 54 
is aligned with the slot 56 facing the top of the post 26 and positioned against the top of 
the post 26 and against the surface of the resist 52. The 200-micron wafer is then 
bonded to the post 26 by use of the bonding agent with localized heating if necessary. 
The surface of the 200-micron wafer opposite the slot 56 is then coated with a 
reflective layer 62 such as a thin layer of sputtered gold to form a reflective surface. 

[0052] Figure 22 shows the cross section of Figure 21 after a masking step and a 
deep etch step. The mask is formed so as to cover the area of the 200-micron wafer 54 
used to form the table of the mirror(s). The exposed areas are deep-etched, such as by 
deep reactive ion etching, to form trenches such as trench 64 to separate individual 
mirror tables from each other. Edges of the 200-micron wafer 54 may also be removed 
as at location 66 to allow for access to the surface of conductive pads 40 for 
wirebonding, 

[0053] Figure 23 shows the cross section of Figure 22 after a photoresist removal 
step and a wirebonding step. The photoresist is removed thus freeing the moveable 
portions of the mirror structure. Wirebonding is then used to connect to the conductive 
pads 40 via locations at the edges of the substrate, as illustrated by wire 68. 
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[0054] As will be appreciated by those of ordinary skill in the art, the mirror of the 
present invention and the method of making the mirror may take various forms. One 
variation is shown in Figure 24. Figure 24 is a cross section of an example 
embodiment of a mirror according to the present invention. In this embodiment, the 
200-micron wafer 54 that forms the table of the mirror structure includes recesses 70 in 
the side opposite the reflective surface. The recesses reduce the mass and inertial mass 
of the table of the mirror structure. The mass of the table may also be reduced by 
thinning the 200-micron wafer 54, to result in the mirror shown in the cross section of 
Figure 25. The conductive pads 40 may also be raised or thickened if desired to 
achieve a desired minimum distance between the conductive pads 40 and the adjacent 
surface of the wafer 54. These and many other modifications will be apparent to those 
of ordinary skill. 

Analvsis of an Example Embodiment 

[0055] Possible dimensions of mirrors according to the present invention are as 
follows: post length (height) 1 of 200|im, post width or diameter, 2 |am diameter of 
reflective surface and table, 700 )am, conductive pad length L (radial dimension out 
from post) 150 |im, conductive pad width W 575 |am ± 75, and height H of the post 
extending above conductive pad surface 75 ^im ± 25. 

[0056] Figure 26 illustrates the parameters useful in an analysis of the post and 
table mirror structure of the present invention. An electrostatic actuator is assumed and 
the table is assumed to articulate about its center as an approximation. H represents the 
height of the table above the conductive pad surface. dF represents the differential 
force acting at a point a distance x along the table length (measured from the center). L 
represents the length of the conductive pad under the table extending axially out from 
the central post. One side of the table is taken as closer to the conductive pads than the 
other, 

[0057] The torque Ti on the table produced by the charge on the close pad 
(corresponding to the right side of Figure 26) is then given by: 




(1) 
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where 6 is the angle with horizontal made by the tilt of the table, V is the potential 
difference across the conductive pad and table gap, and W is the width of the pad. The 
torque produced by the distant pad (corresponding to the left side of Figure 26) is given 
by: 

j^,^^ rfgxCcos^ 
•' J 2(// + xsin^)' 



[0058] The compliance c of the post satisfies the following relation: 

e 



(3) 

where T is the total torque on the table and post assembly. Assuming T=Ti, then 



y = tan^ 
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T-Z. i (4) 
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[0059] The compliance of the post can be estimated as 
0 

^~3lEItm0 

where 1 is the length of the post, E is Young's modulus, and I is the moment of inertia 
of the post cross section, given by 

4 

^-n (6) 

where w is the width of the post, assumed to have a square cross section. 

[0060] Balancing the electrostatic torque with the spring torque of the post 
structure, mirror rotation angle vs. actuation voltage can be determined. With a ratio of 
H/L of 0.33 and takuig E of silicon of 130 Gpa, w of 2 ^im, the following results were 
calculated: with total length of the post 1 of 209 \im, c is 400 |Ltm/N and the maximum 
stable rotation angle approaches 8 degrees at about 120V actuation voltage; with 1 of 
130 |xm, c is 250 |im/N and the maximum stable rotation angle approaches 8 degrees at 
150V; and with 1 of 104 |Am c is 200 jim/N and the maximum stable rotation angle 
approaches 8 degrees at 170V. Thus a reasonable range of motion (up to ± 8 degrees) 
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is available. The excellent mechanical properties of single-crystal silicon also allow the 
post structure to withstand buckling forces and static stress. 

[0061] The present invention thus provides a mirror structure, and a suitable 
fabrication method for the structure, that provides reasonable range of motion in two 
degrees of freedom with only one hinge structure in the form of the central post beneath 
the mirror Because a significant portion of the total length of the post is recessed into 
the supporting structure or substrate, the table of the mirror is close enough to the 
surface of the supporting structure or substrate to allow formation of control structures 
thereon, while still preserving sufficient post length to provide desired flexibility. With 
the hinge structure in the form of the post completely hidden behind the table of the 
mirror, multiple mirrors may be formed in closely packed arrays. The mirror(s) of the 
present invention may be formed by the process of the present invention, a process 
generally simpler than other processes for producing mirrors with more than one degree 
of freedom. As may be seen from the foregoing, all these advantages and others are 
provided by the present inventive device and method. 

[0062] It will be apparent to those skilled in the art that various modifications and 
variations can be made to the present invention without departing from the spirit and 
scope of the invention. Thus, it is intended that the present invention cover the 
modifications and variations of this invention provided they come within the scope of 
the appended claims and their equivalents. 



